Moses Rock dike is a Tertiary diatreme containing serpentinized ultramafic microbreccia (SUM) located on the Colorado Plateau in Utah. Field evidence indicates that SUM was emplaced first followed by breccias derived from the Permian strata exposed in the walls of the diatreme and finally by complex breccias containing basement and mantle-derived rocks. SUM is primarily found dispersed throughout the matrix of the diatreme. We examined the nature of SUM abundance and spatial distribution using data collected remotely by the Airborne Imaging Spectometer (AIS). The minerals serpentine, gypsum, and illite as well as desert varnish and the lithologies SUM and various sandstones were identified from the AIS data. Six end-members (SUM, two types of sandstone, gypsiferous soil, clay-rich soil, desert varnish) were chosen to represent the dominant lithologies of the surface in Moses Rock dike region. Spectra of these end-members were used in an intimate mixing model to deconvolve the AIS spectral data into surface abundance coefficients for each component using a nonnegative least squares inverse algorithm. The results of this calculation of surface composition are consistent with field observations and investigations. SUM distribution and abundance in the matfix of the diatreme were examined in detail, and two distinct styles of SUM dispersion were observed. One style is characterized by high to moderate SUM abundance surrounded by halos of lesser SUM abundance. The dispersion halos grade steeply into regions of the matrix with little to no SUM. The second style is characterized by moderate SUM abundances and broad dispersion halos with SUM distributed across the entire width of the diatreme. These dispersion styles are consistent with eraplacement of the dike as a fluidized solid-volatile system where SUM, which is emplaced early, becomes reincorporated into the turbulent flow of the diatreme by abrasion and comminution by particulate matter carried along in the eruption. This eroded material is then dispersed throughout the matrix by eddy diffusion. The first style represents an early arrested phase of the eruption sequence, while the second style represents a more mature phase. Distributions of the second style probably indicate the location of channels where flow was concentrated during later stages of eruption. Since both styles are observed at the same level of erosion, this indicates that the duration of eruption varied along strike at Moses Rock dike.
INTRODUCTION
Moses Rock dike is one of several Tertiary diatremes containing mantle-dedhved matedhal located in the Navajo volcanic field on the Colorado Plateau. Although these diatremes are minor geologic features volumetrically and in extent of outcrop, they contain abundant geologic information as they are believed to erupt from volatile-rich regions deep in the lithosphere. During the rapid ascent of these gas-charged magmas, mantle-derived and deep crustal rocks are commonly entrained along with upper crustal rocks in the diatreme breccias. The xenoliths and ultramafic mantle-derived components provide insight into the composition of otherwise inaccessible regions of the lithosphere. The inferred sequence of events for the emplacement of the plateau diatremes involves the propagation of a dike from the source region and eruption of a complex multiphase medium. At Moses Rock dike the flow is believed to have eventually stabilized into a few channels which were manifested at the surface as maar-type eruption craters [Shoemaker, 1962; McGetchin, 1968] . The highly comminuted and brecciated textures of the blocks and particles in diatremes are an indication of the extremely violent nature of their formation, and mixing between the wide range of components in the dike, from upper level sedimentary lithologies to ultramafic mantle rocks, occurs on all scales [McGetchin and Silver, 1972] . The primary mantle-derived component in Moses Rock dike was originally described as kimberlite by McGetchin [1968] . However this ultramafic material lacks the minerals perovskite and phlogopite, rare earth Copyfight 1987 by the American Geophysical Union.
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0148-0227/87/007B-1012505.00 element systematics typical of kimberlite, and evidence of ever being a true magma [Mitchel, 1986] . Roden [1981] has suggested serpentinized ultramafic microbreccia (SUM) as a more appropriate term to describe the ultramafic tuffs of the Navajo volcanic field, and we have adopted this usage for Moses Rock dike.
At Moses Rock dike, SUM is found throughout the dike and is thought to be involved in all stages of the eruption. Although massive SUM is found as dikes and sills injected into the host rocks, the majority of this component (>90%) is found dispersed throughout the matrix of the dike [McGetchin, 1968] . The SUM became dispersed in the diatreme during eruption, and therefore the nature of this dispersion may provide insight into mechanisms for material redistribution in the vent of explosive, volatile-rich eruptions. The best approach to determining the nature of SUM dispersion is to map accurately the abundance and distribution of SUM in the matrix of Moses Rock dike. However, the detailed mapping of such a component using classical field techniques would be impractical and an inefficient use of resources. of the absorption bands are controlled by the particular crystal structure in which the absorbing species are contained [Burns, 1970; Hunt and Salisbury, 1970; Adams, 1975] . Although most natural surfaces are complex mixtures of soil, rock, and vegetation, reflectance spectra of mixtures are systematic combinations of the reflectance spectra of the surface components. By deconvolving reflectance spectra into component abundances, the high spatial resolution in imaging spectrometers can be used to map the distribution and abundance of specific mineral components on the surface.
In this paper, data from the Airborne Imaging Spectrometer (AIS) are used to map the distribution and abundance of the SUM component in Moses Rock dike. The geologic setting and composition of Moses Rock dike are reviewed, followed by a discussion of the nature of the surface materials (composition, texture, and relationship to bedrock). These observations along with laboratory spectroscopic data are used to interpret surface mineralogy of the dike and surrounding regions from the imaging spectrometer data. The spatial distribution and abundance of primary surface components are calculated using a nonlinear model for the mixing of spectra from multicomponent surfaces. The breccia fragments filling the dike range in size from microscopic particles to blocks up to a hundred meters across. The large blocks, derived almost exclusively from the units exposed in the vent walls, constitute the majority of the breccia.
The interstices between the blocks are filled with a matrix containing fragments from the large blocks, limestone fragments, crystalline rock fragments, and mafic and ultramafic constituents. Basement-derived igneous, altered igneous, and foliated metamorphic rocks comprise about 3% of the dike, while dense ultramafic mantle-derived fragments of eclogite, lherzolite, and websterite are rare.
Outcrops of SUM constitute about 1% of the dike and are found primarily as small dikes and sills in the wall rocks and large breccia blocks in the dike. SUM is also found as small bodies plastered against the walls of the dike and as pods within the dike. Mineralogically, SUM is a highly serpentinized ultramafic microbreccia containing remnants of olivine, pyroxene, garnet, and spinel set in a fine-grained serpentine matrix. 1968] constrain the mechanism of dike eraplacement: (1) the absence of metamorphism and deformation in the host rocks indicate that the dike was eraplaced rapidly, (2) no evidence of a silicate melt component in the SUM is observed, (3) the breccias are particulate on all scales with particle size distributions like those produced by comminution, (4) the breccias are intricately mixed on all scales, and (5) stratigraphic and superposition relationships between the breccia units in the dike indicate that SUM dikes were eraplaced early, followed by rubble consisting of large blocks of Cutler rocks and later by units of complex breccias containing progressively larger crystalline rock fragments. These field observations and hydrodynamic modeling led McGetchin [1968] to conclude that the diatreme was formed as a fluidized solid-volatile system probably driven by H20 and CO2.
SURFACE CHARACTERISTICS
The near-infrared reflectance spectra measured by AIS contain two primary components of radiation scattered by the surface: reflection and volume scattering. Diagnostic absorptions are present in the volume-scattered component of this radiation caused by the absorption of photons during transmission through mineral phases. Typically, the penetration of this component of radiation into the surface is limited to the outermost 50-100 [tm [Buckingham and Sommer, 1983 ] but could extend up to a millimeter [Pieters, 1983] . Therefore, in order to understand and interpret geologically the remote observations of a surface, a thorough characterization of the properties of the topmost layer, the relationship of the surface to the underlying bedrock, and an assessment of the vegetation cover are essential.
Moses Rock dike is located in the arid central region of the Colorado Plateau at about 1600 m elevation. The vegetation in this area consists primarily of small shrubs and bushes with radii of 10-30 cm and heights of less than 0.5 m. Vegetation counts from several regions around Moses Rock dike were obtained for representative 20 by 20 m areas over the sedimentary units and the diatreme in July 1985. Results of these measurements show that the total vegetation cover does not exceed 5% and averages around 2.5%. Also, of the total vegetation, 50% is unfoliated. Two ancillary broadband spectral data sets for this region (infrared color photographs and thematic mapper simulator) chosen to emphasize vegetation indicate that significant vegetation is not detectable with resolutions of 2-10 m except in some wash channels and in the vicinity of springs.
Outcrops of massive bedrock are sparse and restricted mainly to cliff exposures and local topographic highs. More commonly the surface is composed of the local products of weathering, and in this region the dominant weathering processes are mechanical, namely, exfoliation, abrasion, and crystal growth. Chemical erosion and alteration, due primarily to infrequent rainfalls and morning dews, are less important. The primary products of this weathering are fragments of the original lithologies, and these generally accumulate in situ on the surface. Particle sizes range from platey fragments 3-7 cm across to microscopic mineral grains and rock fragments. The dominant particle size in any given area is loosely correlated to lithology. For example, limestone beds commonly weather to platey fragments, while sandstone and siltstone lithologies typically weather to fine-grained particles. Transport of the weathering products is primarily by wind and rare rainfalls sufficient to generate surface runoff.
Surfaces of unaltered crystalline rock fragments, found in the dike, are commonly covered with a dark shiny mineral coating referred to as desert varnish. The coating is only rarely observed on sedimentary rock surfaces and soft, friable lithologies such as the microbrecciated SUM. It has been shown that the physical properties of varnish from widely separated localities are consistent, and the composition is independent of the host rock [Perry and Adams, 1978] . It is typically up to 100 [tm thick and consists of ferro-manganese oxides deposited within a clay matrix [Potter and Rossman, 1977] . Due to the strongly absorbing nature of this coating it, masks the composition of the host rock. Varnish has preferentially developed on the crystalline rock fragments such as meta-basalt and gabbro because the surfaces of these lithologies are stable in the local weathering environment.
The nature of the surface materials (i.e., particle size, texture), relationships to the underlying geologic formations, and the stratigraphy of the upper 10-15 cm were examined at many locations both in the dike and sedimentary units. In general, there is a stratigraphy consisting of three layers. The top layer is composed of erosional lag deposits of locally derived resistant rock fragments 0.5-5 cm across. This layer is most commonly observed on the tail section of the dike and on exposed limestone beds where the fragments are large (>3 cm) and can comprise greater than 60% of the surface. Elsewhere the fragments of the lag deposits are sparse or absent. The middle layer is composed of medium to very fine grained particles predominantly derived from the local substratum or the fragments lying data. This cancels the effects of the slope and absorption features of the standard area and calibrates the AIS data using the absolute calibration of laboratory standards. The quality of the resulting calibrated AIS data is generally good, and absorption features can be interpreted in terms of mineralogy. However, distinct line to line spatial banding in the AIS data near the broad atmospheric water bands and a very low signal to noise ratio in the center of these bands result in a notable decrease in the precision and accuracy of the data for the wavelength regions 1.32-1.52 rim. and 1.76-2.03 rim. Because of the overall low quality of the data in these wavelength regions, these data were not used in these analyses and for purposes of clarity have been omitted from the figures of AIS spectra.
Other spectral data important to these analyses include laboratory and field spectral measurements. Laboratory spectra of samples returned from the field were measured in the RELAB, a high-resolution bidirectional reflectance laboratory [Pieters, 1983] , using approximately the same viewing geometry as the AIS reflectance data with an incidence angle of 30 ø and an emergence or detection angle of 0 ø. Most samples were prepared as bulk soils to simulate field conditions. Selected soils were sieved to determine the range of dominant particle sizes on the surface.
Reflectance spectra measured with RELAB are obtained relative to the standard halon. Halon is an inert fluorocarbon and is spectrally featureless in visible and near-infrared wavelengths. It has an average reflectance of >96% and can be approximated as a Lambertian reflector (scatters light equally in all directions) [Pieters, 1983] . Reflectance values measured relative to halon Field spectra of soils and vegetation were measured with a Geophysical Environmental Research infrared interferometer spectroradiometer (IRIS), a portable field spectrometer. These spectra are an important cross reference between the AIS data and the laboratory spectra. The field spectra were obtained in July 1985, an apparently wetter season than July 1984. IRIS is a dual-beam spectroradiometer which simultaneously measures the reflectance spectra of a sample and the standard used for calibration. The instrument has a spectral resolution of 2-4 nm and samples a surface area of approximately 10 cm 2 The standard used in the field for these measurements is Fiberfax. The raw reflectance data are initially calibrated by dividing by the simultaneously measured spectrum of Fiberfax. To maintain consistency in our measurements, a sample of Fiberfax was measured in RELAB, and then the IRIS relative reflectance spectra were multiplied by the RELAB spectrum of Fiberfax. This then calibrates the laboratory, field, and AIS spectral data to the same standard. Although no independent wavelength calibration was available for the IRIS data, comparisions to laboratory data indicate that a 0.012-0.014 rim correction is required in the IRIS data for wavelengths longer than about 1.6 rim.
However, this does not affect the results discussed here.
SURFACE MINERALOGY
Several surface units with distinct compositions were identified from the calibrated AIS data. Interpretations of surface mineralogy were aided by field and laboratory spectra and from samples returned from the field. In the wavelength region of AIS (1.15-2.34 rim), clays and other minerals containing structural water and hydroxyl groups commonly exhibit characteristic absorptions between 2.0 and 2.34 rim. Absorptions associated with the transition metal ions are less prominent in this wavelength region, although the presence of these absorptions may be inferred from the overall slope of the spectra.
Two AIS spectra of surface soils interpreted to contain clay minerals are shown in Figure 4 along with laboratory spectra of illite and a sample from the standard area. Both AIS spectra are characterized by a slight increase in reflectance toward longer wavelengths (positive slope), a reflectivity maximum near 2.14 rim, a 5-15% absorption near 2.22 rim followed by a local reflectivity maximum near 2.28 rim. The 2.14-and 2.28-rim maxima are asymmetric about the 2.22-rim absorption where the 2.14-rim peak is brighter. The asymmetric reflectance peaks about the 2.22-rim absorption band are characteristic of several clays including muscovite, montmorillionite, and illite. However, laboratory reflectance spectra of field samples (Figures 3  and 4) show a small absorption at 2.34 rim and a reflectance peak at 2.37 rim which are more diagnostic of illire than other clays. The positive slope is due primarily to absorptions associated with reddish-brown iron oxide bearing soils or with Fe 3+ in the clay structure.
Field spectra and laboratory spectra of SUM are shown in Figure 5 along with a calibrated AIS spectrum of a surface interpreted to contain SUM. This AIS spectrum is characterized by a reflectivity maximum near 2.2 rim, a 15-30% absorption centered at 2.33 rim, and a strong positive slope. The features longwards of 2.0 rim are due to a combination of a MgOHbending mode with OH-stretching fundamentals and overtones [Hunt and Evarts, 1981] . The positive slope is due primarily to electronic absorptions in Fe 2 + and Fe 3 + ions at 0.72, 0.91, and 1.1 rim observed in both the laboratory and field spectra [Adams, 1974] . X-ray diffraction patterns of field samples collected from the surface units containing the strongest serpentine spectral features indicate that the primary mineral in this unit is antigorite. The AIS spectrum is from the same region as the field measurements and would be expected to exhibit similar features. It is evident from Figure 5 , however, that the AIS spectrum has the same overall characteristics as the laboratory and field spectra except that the 2.33-•tm absorption band in the AIS spectrum is 20% less strong. Also the maximum reflectance in the 2.04-2.34 •tm wavelength region of the AIS spectrum is 5-10% less than is expected from the lab and field spectra. The most likely source for the observed discrepancy is a recently detected instrumental problem with the AIS detector concerning second order overlap.
In grating spectrometers, second-order spectra are generally eliminated with long pass filters so that only first-order spectra The spectra shown in Figure 6 clearly illustrate the effects of mixing between different geologic materials on reflectance spectra. The strong absorptions shown in the spectrum of pure gypsum are much reduced when gypsum occurs as a component in reddish-brown soils derived from local sandstone and gypsiferous sandstone. This effect is observed both in the laboratory spectra and AIS spectra, and the degree of attenuation is proportional to the amount of reddish-brown soil mixed with the gypsum.
AIS spectra from the tail region of Moses Rock Dike are shown in Figure 7 along with IRIS and laboratory spectra of desert varnish. As discussed earlier, desert varnish is common as a coating on stable surfaces such as the crystalline rock frag-ments in the dike. The laboratory and field spectra of the desert varnish in Figure 7 are characterized by a positive slope, low reflectance (10-20%), a reflectivity maximum near 2.2 •tm and a 7-15% absorption near 2.32 •tm. AIS spectra from the same area as the field samples, however, show a reflectivity maximum near 1.7 •tm and a 10% absorption at 2.32 •tm, and the reflectances are in general >20%. The higher reflectance relative to the spectra of pure desert varnish indicates that mixing between desert varnish and units of the dike and Cutler Formation is occurring in pixels of AIS. The drop in reflectance in the last grating position of the AIS data is due to second-order overlap.
APPROACH TO ABUNDANCE ESTIMATES
In addition to detecting the presence of individual mineral species, spectral reflectance data can be used to derive direct information about the abundance of components on the surface. Since the AIS spectral data contain spatial information, the spatial distribution of the surface components can also be examined. Reflectance spectra of mineral mixtures, however, are not a simple linear combination of the spectra of the mineral components in the mixture. An analytical model that accurately describes the observed spectrum of multicomponent mixtures is required to deconvolve AIS reflectance into abundances of individual surface components. SUM abundance and distribution in Moses Rock dike can then be determined and analyzed quantitatively.
The systematics of spectral mixing between components in a mixture can be described as belonging to one of two broad classes, macroscopic and microscopic, where these classes are defined largely by the scale of mixing between components in the mixture. Macroscopic mixing occurs when the components of the surface are arranged in discrete areas or patches that are large relative to the average path length of a photon. In this case the spectrum of the surface is a linear combination of the spectra of the surface components [Singer and McCord, 1979 [Hapke, 1981] mixtures. Therefore, in order to calculate accurately the abundance of surface components from the AIS data, the dominant type of mixing first needs to be determined.
The general physical nature of Moses Rock dike can be characterized as large blocks of locally derived wall rock set in a fine-grained, fragmented matrix which contains the dispersed component of SUM. Although wind transport and splash tend to mix intimately and to homogenize locally the surface, at the scale of the AIS pixels (10 m by 10 m), the type of mixing between erosion surfaces developed over blocks in the matrix and surfaces of the matrix constitutes macroscopic mixing. Mixing in the matrix between SUM and particles derived from comminution of xenoliths in the vent, however, is primarily microscopic. Since microscopic mixing of SUM with other breccia components is expected to dominate the spectral reflectance measurements of the matrix, a model for intimate mixing is used in determining SUM distribution on the surface.
Mustard and Pieters [1987] have modified Hapke' s [1981] equations for bidirectional reflectance such that the abundance
coefficients of components in intimate mixtures can be accurately calculated from reflectance spectra measured with a fixed viewing geometry if spectra are available for each component or end-member in the mixture. In this approach, reflectance spectra of the end-member components and the mixture spectra are converted to single-scattering albedo (SSA). The proportion of each end-member is calculated by a least squares fit of the end-member SSA spectra to the mixture SSA spectrum. For each component an abundance coefficient is calculated that is referred to as the relative geometric cross-section, or F parameter. The F parameter is defined by   F, = (M, I @,d,) I Y.(M,,/@nd,,) where F,, M,, @,, and d, are the F parameter, mass fraction, density, and particle diameter of component i, respectively, and n is the number of components in the mixture. For a surface containing components having similar effective particle size and densities, the F parameters calculated are roughly equivalent to mass Ëaction. This is the case for the intimately mixed matrix regions of the diatreme, and in the discussion below, the term abundance is used interchangeablly for F parameter in the discussion of SUM distribution and abundance. Determination of appropriate end-member reflectance spectra to be used in deconvolving the AIS data into surface abundances of individual components is critical. The end-members must be representative of materials in the dike and be unique with respect to one another. The end-member spectra need not be of pure minerals but may be of mineral mixtures [Mustard and Pieters, 1987] . Therefore common homogeneous lithologies, like the reddish-brown sandstone found throughout the field area, can be accurately represented by a single endmember spectrum.
The end-member reflectance spectra used in this analysis were selected on the basis of field observations, laboratory data, and interactive analysis of the AIS images. The end-member spectra chosen are shown in Figure 8 and include SUM, standard, dark sandstone soil, gypsiferous soil, clay-rich soil (contains more illite than typical soils), and desert varnish. The SUM and dark sandstone soil spectra were carefully selected from areas of known composition in the AIS data, while the rest of the endmembers are laboratory reflectance spectra of field samples. The spectra selected from the AIS data minimize the problem of second-order overlap. Although replacing laboratory spectra of SUM with spectra derived from the AIS data does not significantly alter the derived distribution patterns discussed below, the calculated F parameter values are more accurate with the internally derived SUM spectrum. The SUM end-member limestone. This illustrates an ambiguity that results from the limited spectral range and signal to noise ratio of the imaging spectrometer used in this study in differentiating between SUM and carbonate. However, since carbonate does not constitute a significant proportion of the dike in this region, the inability to discriminate between SUM and carbonate does not seriously compromise these results. In the residual image the goodness of fit between the endmember spectra and the AIS data is shown qualitatively where pixels colored dark blue represent the best fit. In quantitative terms, residuals represented by the light blue color are of the order of 1-2%. The homogeneity of the residuals in the image indicates that the suite of end-member spectra used does explain most of the spectral variation encountered in this region. The areas where the residuals are higher than average correlate with drainage channels and shadowed regions seen in the black and white image. This is expected since viewing geometry varies rapidly in drainage channels and no spectral components were :r,•,.........•.,..,.:..•...,. ........... -.....,-,- 
IMPLICATIONS FOR ERUPTION STYLE AND PROCESSES
From this detailed examination of SUM abundance and distribution in Moses Rock dike, two primary distribution styles are observed. Style A shows high peak abundances surrounded by tight halos of lesser abundance, steep concentration gradients, and regions of the matrix with SUM abundance below detection. In the dike this style is illustrated in Figures 10a and 10b . Style B is characterized by moderate peak abundances surrounded by diffuse halos, shallow concentration gradients and a cross-dike distribution of SUM (all regions of the matrix contain detectable SUM concentrations). This style is well illustrated by the abundance map of SUM in Figure 10c .
The implications of these distribution styles for diatreme eruption relate to the mechanism by which the erupting system propagated through the crust and the nature of the eruption in the vent after the system has breached the surface. The dike probably rose through the crust in a manner similar to Clement's [1979 Clement's [ , 1982 Two competing models that describe diatreme formation after a system has breached the surface are fluidization and hydrovolcanism. Hydrovolcanism is an explosive interaction between magma and some external source of water [Sheridan and Wohletz, 1983 ] and has been strongly advocated by Lorenz [1973 Lorenz [ , 1975 Lorenz [ , 1986 as the fundamental mechanism for diatreme formation. In this model a hydrostatic pressure barrier of about 20-30 bars controls the maximum depth of explosive interactions between magma and groundwater. Ejection of groundwater as steam, and wall rock fragments, leads to a decrease in pressure above the explosion interface and therefore the depth at which explosive magma-water interactions occur can propagate downward. The maximum depth of penetration is controlled by the availability of groundwater but may reach depths of 2000-2500 m. A diatreme is formed between the explosion front and the surface and grows laterally as the front propagates downward by collapse and slumping of wall rock [Lorenz, 1986] . If hydrovolcanic processes were responsible for the distribution of SUM in Moses Rock dike, a central conduit of well-mixed pyroclastic rocks surrounded by a collar of subsided wall rock would be expected [Hearn, 1968; Lorenz, 1986 ]. This is not observed except in Figure 10c Fluidization as a geologic process refers to the circulation and transport of solids by a high-velocity gas-solid flow [Reynolds, 1954] and has been advocated by Dawson [1962 Dawson [ , 1971 
